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The simultaneously extracted metals/acid volatile sulfide (SEM/AVS) method is widely
used to estimate the toxicity of metals in sediment. In this study, SEM and AVS concen-
trations were obtained by the cold-acid purge-and-trap technique during spring (April)
and winter (December) at six sites in the Pearl River estuary. Total organic carbon,
grain size distribution, and total metals were also measured in winter samples. AVS
concentrations in spring sediments were slightly higher than those in winter sediments,
except at site 2. AVS concentrations showed more distinct locational and temporal vari-
ation compared with SEM concentrations. Generally, AVS contents increased downcore,
whereas SEM concentrations decreased slightly with depth. Higher SEM concentrations
were observed in the west shoal (sites 2, 6, and 7) and site 4 (1.24 ∼ 4.28 μmol•g−1)
compared with those at sites 1 and 3 (0.73 ∼ 2.14 μmol•g−1) in the middle shoal.
Most SEM metals have a significant linear positive correlation with the total metals,
especially for Cd, Zn, and Pb, which were easily extracted by 1 M HCl compared with
Cr and Ni. According to the toxicity threshold value of 1.7 μmol•g−1 for the difference
of SEM-AVS, a toxic effect is expected at sites 1, 2, and 4 in spring and at sites 4, 6, and
7 in winter, which also indicates a relatively obvious seasonal variation in heavy metal
bioavailability. However, comparisons between the total heavy metal concentrations in
winter sediments with the sediment quality guidelines of ERLs/ERMs and TELs/PELs
showed that adverse biological effects may occasionally occur at sites 2, 4, 6, and 7.
Therefore, SEM/AVS prediction in conjunction with sediment quality guidelines can give
a more reliable evaluation of the bioavailability of heavy metal in sediments.
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Introduction
In recent years, a significant amount of research has been directed at the bioavailability
and toxicity of heavy metals in sediments because industrial and urban waste inevitably
discharges into water bodies (Buykx et al., 2002). Predicting the bioavailability and toxicity
of metals in aquatic sediments is a critical component in the development of sediment
quality criteria (Di Toro et al., 1991). Within the framework of setting environmental
quality criteria for certain heavy metals in sediment, acid volatile sulfide (AVS) has been
proposed as the primary standardization parameter, along with the amount of simultaneously
extracted metals (SEM) (Vandenhoop et al., 1997). In experiments with laboratory and field
sediments, when the concentrations of AVS in sediments exceeded those of the metals that
were simultaneously extracted in the AVS procedure (i.e., simultaneously extracted metals
[SEM]), no adverse biological effects due to metals were found (Allen et al., 1993; Berry
et al., 2004). An SEM/AVS molar ratio greater than one means that more metals are present
in the sediment relative to AVS, and these unbound metals have the potential to be much
more bioavailable than those bound to sulfides (Berry et al., 1996; van Griethuysen et al.,
2004).
However, one potential limitation of using AVS as an indicator for sediment toxicity
is determining when and where AVS should be measured and how it can be applied to
the water body as a whole (Howard and Evans, 1993). Simpson et al. (2012) highlighted
the importance of considering the temporal natural of AVS in sediments and the need to
monitor the presence of this phase and its influence on the bioavailability of metals in
surface sediments. The sulfide in sediment is mainly produced by the reduction of the sul-
fate by sulfate-reducing bacteria (SRB) in anaerobic environments. Multiple rate controls,
including sulfate availability, organic matter quality, and SRB abundance, modulate in-situ
sulfate-reducing activity along the estuarine salinity gradient (Pallud and Van Cappellen,
2006). That is, S2− concentrations are expected to vary both temporally with the seasonal
variation in the supply of organic matter and hypolimnetic anoxia resulting from stratifi-
cation and spatially with sediment of differing quality (Oehm et al., 1997). If AVS does
indeed exert a major influence on metal toxicity, then these far-from-trivial complexities in
sulfide distribution and temporal variability are important in understanding the impact of
toxic metals on benthic ecosystems (Morse and Rickard, 2004).
There is a possibility that the SEM/AVS protocol could overestimate the adverse
effects of heavy metals. For example, if the SEM and AVS are at low concentrations
but the SEM/AVS ratio exceeds one, or if the excess heavy metals are bound by other
phases. Research has shown that SEM/AVS models of bioavailability do not account for
the protective effects of Fe and Mn oxides and that they overestimate the bioavailable
fraction of Ni (Costello et al., 2011). High concentrations of heavy metals do not always
coincide with toxicity because other factors can influence toxicity results (Hernandez-
Crespo et al., 2012). Our previous study showed that the total heavy metals are positively
related with the percentage of the labile fraction (Yang et al., 2012). This implies that the
heavy metals in the labile fraction are predominantly anthropogenic. It is also likely to
be the reason that using total heavy metals can predict the bioavailability of heavy metals
in some cases. Therefore, it is necessary to use comprehensive evaluation methods to
obtain more reliable assessments. Two sets of sediment quality guidelines (ERL/ERM and
TEL/PEL indices), which were developed from a biological effects database for sediments
(BEDS), are widely used to evaluate potential adverse biological effects (Long et al., 1995;
MacDonald et al., 1996; Garcia et al., 2011). The contradictory predictions of SEM/AVS
and ERM/ERL methods demonstrate the importance of validating the results of either of
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these methods with other toxicity measures before making any management or regulatory
decisions (Hinkey and Zaidi, 2007).
The current study has been initiated with the following objectives: (1) to characterize
the vertical and seasonal variations of AVS and SEM in the Pearl River estuary (PRE);
(2) to evaluate the relationship between simultaneously extracted metals and total metals;
(3) to evaluate the potential ecological risks due to metal pollution based on SEM/AVS and
sediment quality guideline values (ERL/ERM and TEL/PEL) in a populated and industri-
alized area. This study will not only be helpful to understanding the seasonal variation in
the potential ecological risks of heavy metals in a subtropical estuary (the PRE), but will
also be of great interest for the study of pollution assessment in other polluted estuaries in
the world.
Material and Methods
Sampling
The Pearl River estuary consists of three sub-estuaries, namely the Modaomen, Yamen,
and Lingdingyang estuaries (Figure 1). This study focused on the major sub-estuary, the
Lingdingyang, which is located between Guangdong Province and Hong Kong and is an
important region for waterborne commerce in the Southern China. The main estuary is a bell-
shaped area that widens to the south (Figure 1), with a N-S length averaging approximately
49 km and a W-E width ranging from 4 to 58 km. Two natural waterways that merge near
the Humen outlet separate the estuary into three shoals, namely the west, middle, and east
shoals. The east shoal has the least variation, and deposition occurs relatively slowly in
all three shoals due to the effect of Coriolis force. Therefore, the sampling sites were not
placed in the east shoal in this study. The west shoal is the largest and is adjacent to the
three Pearl River outlets, namely the Jiaomen, Hongqimen, and Hengmen from north to
south.
In the Pearl River valley, the average annual runoff is between 600 and 1500 mm.
The rainy season is from April to September, with 80% of the annual precipitation, and
the dry season is from October to March. The annual water flow rate of the Pearl River is
approximately 11100 m3s−1, which is the second highest river flow rate in China (Wong
et al., 1995). The extent of the plume that is influenced by fresh water varies seasonally in
accordance with the river discharge (Callahan et al., 2004).
The sampling sites were deliberately selected to reflect gradients of contamination and
to represent different hydrogeochemical environments (Figure 1). Sites 1, 3, and 4 are in the
middle shoal, and site 4 may be affected by the Shenzhen bay; sites 2, 6, and 7 are in the west
shoal and are, respectively, adjacent to the outlets of the Pearl River (site 2), downstream
from a seafarming field (site 6), and in the south of the estuary (site 7). Sediment cores
were collected from the Pearl River estuary in April (spring) and December (winter) in
2005. They were obtained using a multiple corer, which collects four separate and usually
undisturbed sediment cores from an area of less than 0.3 m2. Each core is collected with
a volume of overlying water. One sediment core from each site was used for analyzing
AVS, SEM (Cu, Pb, Zn, Cr, Co, Ni, and Cd), and the total metals. The sediment cores were
sectioned at an interval of 1 cm in an Ar-filled glove box in the field and immediately placed
in plastic containers that had been previously purged with argon gas. All of the sediment
samples were stored at −18◦C and analyzed within a few days for AVS and SEM.
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Figure 1. Map showing the location of sampling stations in the Pearl River estuary.
Analysis
All materials used in metal sampling, treatment, and analysis were previously acid-cleaned
(HNO3 1:1 for at least 24 h) and rinsed several times with ultra-pure water (18.2 M). We
used a procedure mainly derived from Allen et al. (1993) to determine AVS and SEM. The
details are described by Chen et al. (2006).
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Grain size analysis was performed by wet sieving to separate silt and clay (<0.063 mm)
from sand (>0.063 mm) fractions. Each fraction was weighed and is expressed as percentage
of the total weight. To determine total organic carbon (TOC), a Vario Elmer CHN elemental
analyzer was used. Sediment samples were dried at 60◦C and ground in an agate mortar,
and then 0.2 g of the homogenized sediment samples was acidified with 1.5 N HCl to
remove inorganic carbon. The results were reported as gram TOC per hundred gram dry
weight sediment (%). The precision of duplicate analyses of the samples was ±0.2% of the
mean for TOC.
A hot plate digestion method was used to achieve total dissolution of the sediment. For
total digestion, sediment samples were dried at 60◦C and ground in an agate mortar, and
then 0.15 g of homogenized, dried sediment was preoxidized with 4 mL of concentrated
HNO3 and 1 mL of HClO4. Digestion vessels were then capped and heated at 160◦C for
1 h. To further digest the resistant particles, 2 mL of concentrated HF was added and
the mixture was allowed to digest for 10 h. Eight milliliters of 0.65 M boric acid was
added to complex the excess hydrofluoric acid after the digestion solution was clear. The
final digestion (approximately 30 mL, gravimetric method) was stored in a plastic vial.
Afterwards, trace elements (Pb, Zn, Cu, Co, Cr, Cd, and Ni) were measured by inductively
coupled plasma-atomic emission spectrometry (ICP-AES, Perkin- Elmer Optima).
A reference standard (GBW07315) was used to check the accuracy of the digestion and
analysis procedures for metals. The analysis of the reference standard sediment revealed
satisfactory recoveries for all elements (recoveries ranged from 90 to 115% for Pb, Zn, Cd,
Cu, Co, Cr, and Ni).
Statistical Analysis
We used a Pearson correlation to analyze FP (fine-grained fraction of sediments), TOC,
AVS, and the simultaneously extracted metals (Cr, Co, Ni, Cu, Pb, Zn, and Cd). All analyses
were performed using SPSS 12.0 for Windows (SPSS, Chicago, IL, USA).
Results and Discussion
Sediment Characteristics
The characterization and grain size distribution of the sediment are essential to understand-
ing sedimentation and sedimentary geochemistry in the estuary (Zhou et al., 2004). Grain
size and total organic carbon in winter sediment samples are illustrated in Figure 2. The
grain size of sediments was a reflection of the hydrodynamic processes and the deposition
conditions in this coastal region.
Generally, the grain size varied between sampling shoals. On the whole, the fine-
grained fractions (<0.063 mm) were prevalent at all sampling sites, and they were higher
in the west shoal cores than in the middle shoal cores, which may indicate stronger hydraulic
conditions in the middle shoal than in the west shoal. The fine-grained fraction (<0.063 mm)
was higher in the upper portion of the cores at the middle shore sites, especially at sites 1
and 4, whereas grain size did not vary with depth at sites 6 and 7. In general, the fine-grained
particulates tended to accumulate in places where waves and currents were weak, and they
may be re-suspended and transported down the estuary during ebb tide (Ip et al., 2007).
Such re-suspension will continue until the limited stockpile of easily eroded particles is
depleted (Grabemann et al., 1997).
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Figure 2. Vertical variations of grain size fraction (<0.063 mm) and TOC in the sediment cores
from the Pearl River estuary.
The differences in TOC concentrations among the sites were more evident than differ-
ences in the particle size distribution. Total organic carbon contents ranged from 0.87% to
1.40% (average was 1.14%), with higher values at sites 2, 4, 6, and 7 and with relatively
low values at sites 1 and 3. A decline in TOC with depth generally suggests a steady-state
diagenesis, whereas a slight increase downcore implies non-steady-state processes (Suits
and Arthur, 2000). There was no significant change of TOC with depth in any sediment
cores from the Pearl River estuary. In general, the fine-grained sediments (<0.063 mm)
and TOC concentrations were higher at the west shoal sites than at the middle shoal sites.
This reflects the differences in the source and depositional environments of the two shoals.
The grain size distributions of contiguous sites were basically consistent with earlier results
(Li et al., 2001) from Pearl River estuary sediment. However, TOC concentrations were
quite different due to methodological differences. The total organic carbon contents were
previously determined by loss on ignition (LOI) (Li et al., 2001) versus by CHN analyzer in
this study. One comparison of TOC content estimated from LOI at 450◦C to the reference
values from the CHN analyzer showed that LOI overestimates TOC by a factor of three
(Leong and Tanner, 1999).
Vertical and Seasonal Patterns of AVS and SEM
The seasonal characteristics of AVS and SEM in sediments are presented in Figures 3
and 4. Most values of AVS were above the detection limit (0.01 μmol•g−1 dry weight),
except in the first few cms at sites 6 and 7. Concentrations of AVS differed among sites,
ranging from 0.19 to 7.49 μmol•g−1 dry weight for middle shoal samples and from un-
detectable to over 16 μmol•g−1 dry weight for west shoal samples. AVS was relatively
low (0.45–1.47 μmol•g−1) at site 3 in winter and relatively high at sites 1 and 6 in spring.
AVS concentrations increased downcore for certain ranges of depth in the west shoal and
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Figure 3. Vertical and seasonal variations of AVS concentrations in the sediment cores from the
Pearl River estuary.
at sites 1, 3, and 4 in spring, but there was no significant vertical variation in the middle
shoal in winter. The increase of AVS concentration with depth can be explained by in-situ
production of AVS during sulfate reduction (van den Berg et al., 1998). AVS contents were
very low in the top cms of site 6 in winter and in sites 1 and 4 in spring, indicating that
there may be strong bottom current or bioturbation that shifts the surface sediments from
anoxic to oxic conditions. During anoxic conditions, AVS can exist near the sediment-water
interface, and during the oxic conditions AVS becomes readily oxidized (Wijsman et al.,
2001). Increasing oxygen concentrations due to general water quality improvements can
also oxidize sulfide and enhance trace metal mobility, even in undisturbed watercourses
(De Jonge et al., 2012). The organic matter load in the sediments at sites 2, 6, and 7 was
greater than in other sites, as seen by the high concentrations of AVS. The source of AVS
in sediment is the decomposition of organic matter. The electrons liberated by carbon di-
agenesis are primarily accepted by sulfate, which is reduced to sulfide via the following
reaction (Di Toro, 2001):
2CH2O + SO2−4 + H+ → 2CO2 + HS− + 2H2O (1)
For the seasonal distribution, AVS contents were slightly higher in spring than in
winter at most sites. The quantity and distribution of AVS in sediments depend upon a large
number of variables, including carbon input rate, sediment burial rate, sulfate diffusion
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Figure 4. Vertical and seasonal variations of SEM concentrations in the sediment cores from the
Pearl River estuary.
rate, biological and physical sediment mixing, and sediment temperature (Van Den Berg
et al., 1998). A previous study has shown that the concentrations of AVS in cores from
three lakes varied inversely with sediment depth and also varied seasonally by as much as
two orders of magnitude and that AVS was directly correlated with the changes in water
temperature, which is likely related to both changes in primary productivity and sediment
microbial activity (Leonard et al., 1993). AVS contents at six locations along the Mississippi
River floodplain did not show significant seasonal variation between locations, but were
significantly greater during summer than spring due to the different reactivity of sulfate-
reducing bacteria (SRB) (Grabowski et al., 2001). In this study, the seasonal variation of
AVS in the subtropical estuarine system was minor compared with previous studies (Van
Den Berg et al., 1998; Grabowski et al., 2001; Prica et al., 2008), whereas the locational
and vertical variation of AVS was relatively high. One study conducted in a tropical estuary
showed higher AVS levels in sediments in winter, and the researchers proposed that small
temperature variations may not be decisive for the AVS dynamics (Nizoli and Luiz-Silva,
2012). The average temperatures of the surface water in Daya Bay near Hong Kong were
25.0◦C annually, 20.5◦C in winter (Dec.–Jan.), and 24.1◦C in spring (Mar.–May) (Wang
et al., 2006). The sediment temperature in the Pearl River estuary usually was higher
than 15◦C in winter and lower than 30◦C in spring. The drop in specific rates of sulfate
reduction below 10◦C likely resulted, at least in part, from stiffening of the cell membranes
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Table 1
Correlation coefficient matrix between TOC, FP, AVS, and simultaneously extracted metals
(Cr, Co, Ni, Cu, Pb, Zn, and Cd) in sediment samples during winter
FPa SEMCr SEMCo SEMNi SEMCu SEMZn SEMCd SEMPb AVS
TOC 0.544∗ 0.735∗ 0.808∗ 0.677∗ 0.572∗ 0.802∗ 0.761∗ 0.764∗ 0.168
FPa 0.282 0.616∗ 0.200 0.124 0.373∗ 0.459∗ 0.326 0.290
SEMCr 0.758∗ 0.941∗ 0.887∗ 0.948∗ 0.628∗ 0.850∗ −0.024
SEMCo 0.686∗ 0.592∗ 0.813∗ 0.719∗ 0.684∗ 0.163
SEMNi 0.921∗ 0.896∗ 0.452∗ 0.824∗ −0.055
SEMCu 0.763∗ 0.350 0.692∗ −0.152
SEMZn 0.709∗ 0.941∗ 0.051
SEMCd 0.593∗ 0.060
SEMPb 0.043
∗Correlation is significant at the 0.01 level (two-tailed), number of samples = 52.
aFP, fine-grained fraction of sediments (≤0.063 mm).
and the restriction of membrane-bound transporter enzymes. At high temperatures (above
30◦C), rates of sulfate reduction could have been hindered by increasing cellular damage,
or by the specific kinetic temperature response by key enzymes in the sulfate reduction
process (Canfield et al., 2006). Therefore, both extremes of sediment temperature lessened
the sulfate-reducing activity and thereby affected the concentration of AVS in sediments.
Because the seasonal temperature variation in the PRE is relatively small, the distribution
of AVS may be not primarily controlled by the sediment temperature, but rather by spatial
heterogeneity in other characteristics of the sediment, such as the hydrodynamics, sulfate
availability, and organic matter quality.
The SEM (the sum of SEMCu, SEMPb, SEMZn, SEMCd, SEMNi, SEMCo, and SEMCr)
concentrations were relatively consistent throughout the study area compared with the AVS
contents, especially in winter (Figure 4). The sediment cores in the middle shoal had low
SEM content, ranging from 0.82 to 1.37 μmol•g−1 dry weight, with no significant vertical
difference at site 3 in both seasons and at site 1 in winter, whereas the SEM contents at the
west shoal sites and site 4 were much higher (1.37–3.61 μmol•g−1) and showed a slight
increase upward. The Coriolis force drives runoff out towards the west and the tide comes
in from the east, which may transport more particulate matter from the upper rivers to the
west shoal of the PRE, leading to substantial pollutant enrichment in this area. Site 4 is near
the Shenzhen bay and may be affected by the sewage discharge of Shenzhen. Just as in the
AVS seasonal variation, SEM contents were also slightly higher in spring than in winter at
most sites.
Simultaneously Extracted Metals (SEM) and Total Metals
To reveal the correlation between the variables, we calculated a correlation coefficient
matrix between the total organic matter (TOC), fine-grained fraction (≤0.063 mm) per-
centage content (FP), AVS, and simultaneously extracted metals (SEM) for the sediment
collected during December 2005 (Table 1). Strong positive correlations were found be-
tween Cr, Ni, Cu, Pb, Zn, Cd, and TOC (r = 0.735, 0.677, 0.572, 0.764, 0.802, and
0.761, respectively), suggesting that TOC was an important carrier for these metals. Strong
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positive correlations were also observed for Cr, Ni, Cu, Pb, Zn, and Cd, except for Cu and
Cd, indicating that these metals were associated with each other and may originate from the
common anthropogenic and natural sources. However, the fine-grained fraction exhibited
non-significant positive relationships with SEM-metals, implying that the concentrations
of trace metals in sediments cannot be interpreted simply by the change in grain size.
Other physical and chemical processes are likely involved (Ip et al., 2007). Moreover, no
correlation between the AVS and SEM metals was observed, indicating that sulfide is not
a principal phase of metal binding.
Strong correlations between most metals (V > Cu > Ni > Cr > Al > Co > Ba >
Zn > Pb > Mg) and the percentage of organic carbon were also observed in Florida Bay
(Caccia et al., 2003). That study proposed that the metal concentrations and the percentages
of organic carbon varied depending on the bottom type. Both fine sediment and TOC were
important carriers for river-borne trace metals and were also scavengers for marine-derived
trace metals. Therefore, they critically influenced the spatial distributions of trace metals in
surface sediments (Hung and Hsu, 2004). In this study, TOC played a more important role
in the distribution of heavy metals than the fine-grained fraction. It is noteworthy that those
metals associated with organic matter may be released over time, as a result of organic
matter degradation (Burton et al., 2006).
The SEM/total metals ratios suggested the different associations with the sulfide phase
and/or different solubility during the HCl-extraction (Fang et al., 2005), and also could
reflect the reactivity of heavy metals in the sediments. The linear regression equations and
R-squared values of the SEM metals and total metals (Cu, Zn, Pb, Cr, Ni, and Cd) in all
sediment samples are shown in Figure 5. Most SEM metals were significantly and linearly
correlated with the total metals, especially for Cd, Zn, and Pb. This result is consistent with
another study in the same area (Fang et al., 2005). The SEM concentrations extracted by
the AVS procedure accounted for a wide-range percentage of the total metal concentrations
(Table 2). Lead was mostly extracted by the AVS procedure (51%–86%), followed by
Cu (20%–59%), Cd (10%–78%), and Zn (17%–59%), whereas only 6.3%–35% for Ni
and 4.4%–19% for Cr were extracted by the 1 M HCl. These are similar to the average
results obtained in other studies (Peng et al., 2004; Fang et al., 2005). In addition, the
SEM-metal/total metal ratios varied by location. The west shoal sites and site 4, which
had higher total metals concentrations, usually had higher SEM-metal/total metal ratios
compared with sites 1 and 3 in the middle shoal. Covellite (CuS) and millerite (NiS) were
not soluble under the AVS extraction condition, whereas the AVS-bound Pb and Zn is more
available (Cooper and Morse, 1998; Burton et al., 2006). In sediments, Cr was usually
retained in the residual fraction, where the metals are bound to aluminosilicate minerals
(Nemati et al., 2011). Therefore, the Cr fixed in sediment was barely extracted by HCl and
unlikely to be released to the aquatic system.
Evaluation of Metal Bioavailability
To evaluate the bioavailability of the heavy metals, we compared the molar sum of the
SEM to the molar concentration of acid volatile sulfide (AVS) in sediments from the PRE
in spring (April) and winter (December) (Figures 6 and 7). There were two distribution
patterns of SEM and AVS in the PRE sediments. First, in some sites SEM concentration
was higher than AVS in the surficial sediment, but this pattern was reversed in the bottom
sediment. The difference of SEM/AVS was mainly due to the low concentration of AVS
in surficial sediment (mostly below the detection limit), which indicates that most heavy
metals in surficial sediment were associated with other phases rather than AVS (Allen
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Figure 5. The total concentrations of Cr, Pb, Zn, Cu, Cd, and Ni and corresponding simultaneously
extracted metals (SEM) in the Pearl River estuary sediments.
et al., 1993). It appears that the AVS was insufficient to capture the divalent metal ions in
surficial sediment. Divalent metals may be soluble in the pore water and even diffuse to
the overlying water, leading to potential adverse effects to the benthos and hydrobios. The
second pattern was characterized by AVS concentrations that were higher than SEM in all
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Figure 6. Concentrations of AVS and SEM in sediment cores from the Pearl River estuary in spring.
sediment profiles. AVS can capture all of the heavy metals in sediments. Consequently, the
heavy metals had low bioavailability. The AVS and SEM at sites 6 in spring and at sites 1
and 2 in winter belonged to the latter pattern and others generally belonged to the former
pattern. Therefore, the relatively obvious seasonal variation in heavy metals bioavailability
tracked the seasonal changes of AVS and SEM as discussed above.
Figure 7. Concentrations of AVS and SEM in sediment cores from the Pearl River estuary in winter.
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A study conducted by the Lawrence Berkeley National Laboratory also found
SEM/AVS ratios that were greater than one due to low AVS values, but the ratios did
not indicate high concentrations of metals or toxicity to benthic organisms (Anderson
et al., 1995; Grabowski et al., 2001). Therefore, the ratio may overestimate the toxicity of
heavy metals if it is used to evaluate the bioavailability of heavy metals. A toxicity threshold
value of 1.7 μmol•g−1 for the excess heavy metals has been proposed through a series of
experiments (Van Griethuysen et al., 2004). According to this point of view, toxic effects
may be expected to occur at sites 1, 2, and 4 in spring and at sites 4, 6, and 7 in winter.
Two sets of sediment quality guidelines (TELs/PELs and ERLs/ERMs) were also used
to evaluate the heavy metal bioavailability when the difference between SEM and AVS was
greater than zero in winter sediments. The Effects Range-Low (ERLs) and Effects Range-
Median (ERMs) plus the marine Threshold Effect Levels (TELs) and Probable Effect
Levels (PELs) are based upon similar data compilations, but use different calculations.
Screening with conservative, lower-threshold values (e.g., TELs and ERLs) ensured that
any contaminant sources that were eliminated from future consideration posed no potential
threat. The upper threshold values (e.g., PELs and ERMs) identify compounds that are
likely elevated to toxic levels (Buchman, 1999).
As seen from Table 3, almost all of the concentrations of Pb, Cu, Zn, and Cr were higher
than the established values of TELs and ERLs but lower than PELs and ERMs at sites 2, 4,
6, and 7, indicating that adverse biological effects may occasionally occur. Nevertheless,
the results of the SEM/AVS analysis in conjunction with the prediction of sediment quality
guidelines (TELs/PELs and ERLs/ERMs) showed that the surficial sediments at sites 4, 6,
Table 3
Concentrations of total heavy metals in winter surficial sediments
Site Depth (cm) Pb Cu Zn Cr Site Depth (cm) Pb Cu Zn Cr
4 1 0.36b 1.49 3.01 1.81 1 1 0.25 0.54 1.43 1.2 c
2 0.34 1.40 2.99 1.71 2 0.26 0.57 1.55 1.25
4 0.32 0.88 2.47 1.44 4 0.27 0.64 1.73 1.42
6 0.33 0.86 2.61 1.50 6 0.27 0.51 1.45 1.26
6 1 0.35 1.06 2.82 1.67 2 1 0.32 1.14 3.06 1.72
3 0.37 1.06 2.83 1.71 2 0.33 1.13 3.07 1.74
4 0.38 1.08 3.12 1.78 4 0.33 1.11 3.13 1.79
6 0.32 1.06 3.09 1.75 6 0.30 1.05 2.7 1.72
7 1 0.34 1.23 3.29 1.85 3 1 0.26 0.74 1.81 1.31
2 0.35 1.07 3.38 1.87 2 0.25 0.71 1.68 1.38
4 0.35 1.20 3.70 1.92 4 0.22 0.66 1.48 1.38
6 0.32 1.04 3.18 1.81 6 0.25 0.78 1.55 1.51
TELa 0.15 0.29 1.90 1.01 TEL 0.15 0.29 1.90 1.01
PELa 0.54 1.70 4.14 3.09 PEL 0.54 1.70 4.14 3.09
ERLa 0.23 0.54 2.29 1.56 ERL 0.23 0.54 2.29 1.56
ERMa 1.05 4.25 6.27 7.12 ERM 1.05 4.25 6.27 7.12
Concentrations in μmol•g−1 dry weight.
a(Buchman, 1999).
bMetal concentrations exceeding ERLs are shown in bold.
cMetal concentrations exceeding TELs and less ERLs are shown in italics.
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and 7 were slightly polluted by heavy metals in winter. The equivocal results from the two
methods at site 2 in winter sediments suggest that it would be better to use a comprehensive
assessment approach to obtain more reliable evaluation.
Conclusions
Acid volatile sulfide (AVS) showed more distinct locational and temporal variations, and
usually increased through a certain range of depth, whereas simultaneously extracted metals
(SEM) displayed a slight decrease with depth. The AVS contents were slightly higher in
spring than in winter at most sites due to a relatively small temperature variation, and the
SEM concentrations were also slightly higher in spring than in winter.
The SEM concentrations accounted for a wide-range percentage of the total metal
concentrations. Most SEM had a significant linear positive correlation with the total metals,
especially for Cd, Zn, and Pb, and which were easily extracted by 1 M HCl compared with
Cr and Ni. We found two distribution patterns of SEM and AVS in the Pearl River estuary
sediments and a relatively obvious seasonal variation in heavy metals bioavailability. A
comparison of the results based on SEM/AVS and SQG (TELs/PELs and ERLs/ERMs) to
assess sediment quality showed some equivocal results (e.g., at site 2 in winter). In addition,
it should be noted that SEM concentrations showed no correlation with AVS concentrations,
indicating that heavy metals could be bound by other geochemical forms. Therefore, the
comprehensive assessment methods produced a more reliable evaluation.
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